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ABSTRACT

Objective: Left ventricular (LV) global longitudinal strain (GLS) reflects LV systolic function
and correlates inversely with the extent of LV myocardial scar and fibrosis. The present
subanalysis of the EchoCRT trial investigated the prognostic value of LV GLS in patients with

narrow QRS complex.

Methods and results: LV GLS was measured on the apical 2-, 4- and 3-chamber views using
speckle tracking analysis. Measurement of baseline LV GLS was feasible in 755 patients (374
with CRT-ON and 381 with CRT-OFF). The median value of LV GLS in the overall population
was 7.9%, interquartile range 6.2-10.1%. After a mean follow-up period of 19.4 months, 95
patients in the CRT-OFF group and 111 in the CRT-ON group reached the combined primary
endpoint of.all-cause mortality and heart failure hospitalization. Each 1% absolute unit
decrease in LV GLS was independently associated with 11% increase in the risk to reach the
primary endpoint (hazard ratio 1.11; 95% confidence interval 95% 1.04-1.17, P<0.001), after
adjusting for ischemic cardiomyopathy and randomization treatment among other clinically
relevant variables. When categorising patients according to quartiles of LV GLS, the primary
endpoint occurred more frequently in patients in the lowest quartile (<6.2%) treated with
CRT-ON versus CRT-OFF (45.6% versus 28.7%, P=0.009) whereas no differences were
observed in patients with LV GLS >6.2% treated with CRT-OFF versus CRT-ON (23.7% versus

24.5%, respectively; P=0.62).

Conclusion: Low LV GLS is associated with poor outcome in heart failure patients with QRS
width <130 ms, independent of randomisation to CRT or not. Importantly, in the group of
patients with the lowest LV GLS quartile, CRT may have a detrimental effect on clinical

outcomes.
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INTRODUCTION

Cardiac resynchronization therapy (CRT) is an established treatment for heart failure
patients with reduced left ventricular ejection fraction (LVEF) and wide QRS complex who
remain symptomatic despite optimal medical treatment.’ 2 The presence of extensive scar
tissue in the left ventricle (LV) (in patients with ischemic cardiomyopathy) or significant
replacement fibrosis (in patients with non-ischemic cardiomyopathy), however, limits the
response to CRT.3® While late-gadolinium contrast enhanced cardiac magnetic resonance
(CMR) provides the highest spatial resolution to quantify the extent of scar tissue and
fibrosis,” echocardiography remains the imaging technique of first choice to evaluate heart
failure patients considered for CRT in routine clinical practice. In particular, speckle tracking
echocardiography permits assessment of LV global longitudinal strain (GLS), which reflects
LV systolic function and inversely correlates with the extent of myocardial scar and fibrosis.®
10 Since the incremental prognostic value of LV GLS over LVEF has been demonstrated in
heart failure patient,'' 12 LV GLS may be related with prognosis of heart failure patients who

underwent CRT implantation.

In 2013, the results of the Echocardiography Guided Cardiac Resynchronization
Therapy (EchoCRT) study revealed that CRT does not improve outcome of heart failure
patients with a QRS duration <130 ms and LV mechanical dyssynchrony on
echocardiography.'® While the exact mechanism underlying non-response remains elusive,
the individual response (based on improvement in clinical symptoms, LV function or
prognosis) varied significantly. Intriguingly, the presence and extent of myocardial scar
and/or replacement fibrosis may be important for patient outcome. As such, the prognostic

value of LV GLS obtained by speckle tracking echocardiography analysis as an indirect marker



of LV myocardial scar and/or fibrosis was analysed in the current substudy of the EchoCRT

trial.

METHODS

Study design and patient population

Details of the study design and patient characteristics have been previously
reported.’? In brief, patients (aged 18 years or older) with heart failure symptoms (New York
Heart Association class Il or IV) despite optimal medical therapy, an LVEF £35%, a QRS
duration <130 ms, an LV end-diastolic diameter 255 mm, echocardiographic evidence of LV
dyssynchrony and standard indication for an implantable cardioverter defibrillator (ICD)
were randomized to CRT-OFF (control group) or CRT-ON.3 Patients presenting with acute
decompensated heart failure (hemodynamically unstable or need for inotropic support),
atrial fibrillation within the previous month or bradycardia requiring pacing, were excluded.
The study protocol was approved by the institutional review board of each participating

center and all patients gave written informed consent.

Biotronik Lumax HF-T CRT devices with defibrillator function were implanted
conventionally with an atrial and right and left ventricular pacing leads.'3 The ICD function
was programmed on for all patients. In the CRT-ON group, the device programming was set
to optimize the CRT delivery while, in patients allocated to the CRT-OFF group, the device
settings were programmed to minimize right ventricular pacing. Device-implanting

physicians and physicians involved in the follow-up were aware of the study-group



assignment whereas patients, heart-failure physicians and study personnel completing the

follow-up assessments were not.

Echocardiography and global left ventricular longitudinal strain

Transthoracic echocardiography data were acquired according to specific protocol
described previously using a uniform ultrasound platform (GE Vivid 7 or E9, Horton,
Norway).® Off-line echocardiographic data analysis was performed following the American
Society of Echocardiography and the European Association of Cardiovascular Imaging
recommendations using uniform software (GE EchoPAC version BT11-12, Horton, Norway).'*
Data analysis was performed at a core laboratory (University of Pittsburgh,
Echocardiography Core Laboratory, Pittsburgh, PA, USA) by investigators blinded to
randomization and all other clinical data. From the parasternal long-axis view, the LV end-
diastolic diameter was measured. The LV end-diastolic and end-systolic volumes were
measured on the apical 2- and 4-chamber views and the LVEF was calculated according to
the Simpson’s method. Left ventricular dyssynchrony was assessed with color-coded tissue
Doppler imaging data from the apical 4- and 3-chamber views and speckle-tracking
echocardiography data from the parasternal mid-ventricular short-axis and quantified as the
time difference in peak systolic velocity of two opposing walls and the time difference

between peak radial strain of the anteroseptal and posterior segments, respectively.®

Global LV longitudinal strain was assessed from 2-dimensional LV apical 4-, 2- and 3-
chamber views. The region of interest in each apical view was set by tracing manually the
endocardial border. The software displayed automatically an epicardial tracing to include the
entire myocardial width. The width of the region of interest could be modified manually to

ensure inclusion of the myocardial wall. Subsequently, the software tracked frame by frame



the speckles included in the region of interest and provided a track quality which can be
approved or rejected by the observer. The software provides the magnitude of longitudinal
strain of 6 segments in each LV apical view and the magnitude of LV GLS strain is calculated
as the average of 18 segmental strain values (Figure 1). Global LV longitudinal strain is
presented in absolute value. The intraclass correlation coefficient was used to assess the
inter- and intraobserver reproducibility from 15 randomly selected patients using the same
cine-loop for each view. The intra-class correlation coefficient for LV GLS for intra- and
interobserver variability were 0.97 (95% Cl 0.93-0.99) and 0.92 (95% Cl 0.72-0.98)

respectively.

Study endpoint

Patients were followed up for the occurrence of all-cause mortality or hospitalization
for worsening heart failure, as reported previously.'> Additional pre-specified endpoints of
the EchoCRT trial included the occurrence of arrhythmias defined by appropriate ICD
therapy for ventricular arrhythmias, arrhythmic death and atrial tachyarrhythmia events.

These events were adjudicated by an independent committee.

Statistical analysis

The statistical analysis was performed at the Robertson Center for Biostatistics at the
University of Glasgow as previously reported.'3 Analyses were performed by intention-to-
treat. Continuous variables were presented as mean with standard deviation and compared
using two-sample t-tests. Categorical variables were presented as counts and percentages
and compared using chi-square tests. To investigate the association of LV GLS with clinical
outcome after adjustment for key covariates, Cox proportional hazard models were fitted.

Hazard ratios (HRs) and the 95% confidence intervals (Cls) were calculated and adjusted for
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randomized treatment group, country, age, gender, ischemic cardiomyopathy, QRS duration,
chronic kidney disease, diabetes, LV end-systolic volume, mitral regurgitation grade and LV
dyssynchrony measured with speckle tracking echocardiography. To further enhance the
clinical value of LV GLS, the study population was divided according to the first LV GLS
guartile and randomized treatment (CRT-ON and CRT-OFF). This exploratory analysis permits
identification of the subgroup of patients with the worst LV systolic function (lowest LV GLS)
and evaluation of their outcome according to the randomized treatment. The time to event
curves were estimated with the Kaplan-Meier method and compared with the log-rank test.
Follow-up was censored at study closure, date of death, LV assist device implantation, heart
transplant or withdrawal from the study or loss to follow-up, whichever came first. The
interaction between LV GLS group and randomized treatment group (CRT-ON and CRT-OFF)
was tested in a Cox model that included LV GLS group and treatment main effects and

interaction terms. All tests were two-sided and a p value<0.05 was considered significant.

RESULTS

Patient characteristics

A total of 809 patients were included, with 405 allocated to the CRT-OFF group
(control) and 404 to the CRT-ON group. The present substudy includes 755 patients (374 in
the CRT-ON group and 381 in the control group, CRT-OFF) in whom LV GLS analysis was
feasible. In 54 patients, LV GLS analysis was not feasible due to image quality. The baseline

clinical and echocardiographic characteristics are displayed in Table 1.

Impact of global LV longitudinal strain on prognosis



After a mean follow-up period of 19.4 months, 95 patients in the CRT-OFF group and
111 in the CRT-ON group reached the primary endpoint of all-cause mortality or heart failure
hospitalization. On multivariable Cox regression analysis for the pooled study groups, LV GLS
as a continuous variable was associated with the occurrence of the primary endpoint with a
HR of 1.11 (95% ClI 1.04-1.17, P<0.001). Each 1% absolute unit decrease in LV GLS (indicating
more myocardial scar/fibrosis) was associated with 11% increase in the risk of all-cause

mortality or heart failure hospitalization (Table 2).

Characteristics and outcomes of patients according to global LV longitudinal strain quartile

The median value of LV GLS in the overall population was 7.9%, interquartile range
6.2-10.1%. The study population was categorized into two groups according to the first LV
GLS quartile: patients in the lowest LV GLS group (<6.2%) reflecting more myocardial
scar/fibrosis and patients with LV GLS 26.2%, reflecting less myocardial scar/fibrosis. The
baseline characteristics of the patients in the lowest LV GLS group compared with patients
with LV GLS 26.2% are presented in the supplementary material. The Kaplan-Meier curves
show the cumulative event rates of the combined primary endpoint (all-cause mortality or
hospitalization for worsening heart failure) for patients divided according to LV GLS <6.2%
(more reduced strain) versus 26.2% (less reduced strain), reflecting more and less
myocardial scar/fibrosis respectively, and the treatment group (CRT-ON versus CRT-OFF)
(Figure 2). The interaction between treatment group and LV GLS was not statistically
significant; however, as this test was inadequately powered, the prognostic influence of CRT-
ON and CRT-OFF on patients with LV GLS<6.2% and patients with LV GLS 26.2% was assessed
in an exploratory analysis. After a mean follow-up period of 19.4 months, 42 (45.65%)

patients with LV GLS <6.2% who received CRT-ON reached the primary endpoint compared



with 27 (28.72%) patients who received CRT-OFF (adjusted HR 2.01, 95% Cl 1.19-3.37;
P=0.009). In contrast, within the group of patients with LV GLS 26.2%, the primary endpoint
occurred in 69 (24.47%) and 68 (23.69%) patients treated with CRT-ON and CRT-OFF
respectively (adjusted HR 1.09, 95% Cl 0.78-1.53; P=0.62). Similar results were observed

when focusing only on all-cause mortality (Figure 3).

In terms of arrhythmic events, 34 (8.9%) patients randomized to CRT-OFF and 38
(10.1%) randomized to CRT-ON presented with arrhythmic death or arrhythmic events. LV
GLS was not independently associated with this outcome (HR 1.06, 95% Cl 0.89-1.25;
P=0.51). When comparing patients within the lowest LV GS quartile (<6.2%) versus patients
with LV GLS 26.2%, similar results were observed: the HRs were similar for both groups of
patients (LV GLS<6.2%: HR 1.44, 95% Cl 0.56-3.70; P=0.45; LV GLS 26.2%: HR 1.09, 95% ClI

0.63-1.90; P=0.76).

DISCUSSION

The present substudy of the EchoCRT trial showed that low LV GLS, reflecting larger
extent of myocardial scar/fibrosis, is associated with the combined endpoint of all-cause
mortality or hospitalization for worsening heart failure after adjusting for key covariates.
This association was modulated by the use of CRT: patients with GLS <6.2% who received

CRT-ON showed higher risk of the combined endpoint as compared to the other groups.

LV GLS versus cardiac fibrosis and scar formation in heart failure

Myocardial fibrosis is the hallmark of LV remodelling and functional deterioration in
heart failure, regardless the underlying etiology.'> Changes in the extracellular matrix with

increase of the collagen production by fibroblasts and myofibroblasts leads to so-called
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reactive fibrosis characterized by expansion of the extracellular space. Progressive loss of
contractile myofilaments and myocytes apoptosis will lead to replacement fibrosis with
accumulation of type | collagen following a localized (e.g. ischemic cardiomyopathy) or
diffuse distribution (e.g. inflammatory disease, toxic cardiomyopathy) depending on the
etiology. Cardiac magnetic resonance is the most accurate method to non-invasively
evaluate reactive and replacement fibrosis. These structural changes lead to regional and
global LV dysfunction which can be characterized with speckle tracking echocardiography by
measuring myocardial strain. LV GLS reflects the shortening of the myocardial fibers in the
longitudinal direction and also has been inversely correlated with the amount of myocardial
(diffuse and replacement) fibrosis.” 10 16 In heart failure patients undergoing heart
transplantation, LV GLS was significantly correlated with the amount of LV fibrosis on
histology (R=0.75, P<0.001).1® Moreover, in patients with ischemic cardiomyopathy, a good
correlation between LV GLS and the amount of scar tissue on late gadolinium contrast
enhanced CMR was shown (R=0.62, P<0.001), and a regional value of longitudinal strain
<4.5% was the optimal cut-off value to identify transmural scar.'° These results support
these use of LV GLS as surrogate marker of the myocardial fibrosis/scar burden in heart
failure patients. However, as demonstrated in other studies,'® %6 the correlation between
the extent of myocardial scar/fibrosis and LV GLS is not straight forward since LV GLS also
reflects the LV systolic dysfunction caused by multiple factors such as the workload burden
imposed by the scarred segments onto the viable myocardial segments, LV dyssynchrony or

loading conditions.

Prognostic value of LV GLS in heart failure patients
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Current guidelines include LVEF as a main parameter for risk stratification of heart
failure patients.” However, accumulating evidence has shown that LV GLS has superior
prognostic value over LVEF to predict all-cause and cardiovascular mortality.1! 12 18 |n a
recent study evaluating the prognostic value of LV GLS in 1,065 heart failure patients (43%
non-ischemic cardiomyopathy), Sengelov et al showed that each 1% decrease in LV GLS was
independently associated with 1.15-fold increased risk of all-cause mortality (P=0.008).%?
Furthermore, LV GLS was particularly useful in risk stratification of patients with LVEF <22%;
patients with LV GLS <5.9% showed higher mortality rates as compared with patients with LV
GLS>5.9%. This cut-off value is similar to the lowest quartile of the present population
(6.2%). Similarly, patients with LV GLS <6.2% showed worse outcome than their

counterparts.

Interaction between LV GLS and CRT

The association between the extent of myocardial scar/fibrosis and CRT efficacy (in
terms of improvement in LV systolic function and patients prognosis) has been
demonstrated in various studies.> % © In 190 ischemic heart failure patients treated with CRT,
those with low scar burden on nuclear imaging with thallium-201 had better prognosis and
improvement in LV systolic function as compared to patients with higher scar burden.3
Similarly, patients with more scar tissue on delayed-contrast enhanced CMR revealed less LV

reverse remodelling after CRT.®

Two recent studies used LV GLS for prognosis in CRT patients. In a substudy of the
Multicenter Automatic Defibrillator Implantation Trial-Cardiac Resynchronization Therapy
trial, patients with higher LV GLS (above the median value >8.7%) showed the greatest

prognostic benefit from CRT (HR 0.43, 95% Cl 0.24-0.77; P=0.005).'% In a retrospective series
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of 205 patients treated with CRT (70% with left bundle branch block QRS morphology), LV
GLS <9% was associated with higher rates of all-cause mortality, LV assist device
implantation and heart transplantation (unadjusted HR 2.91, 95% Cl 1.88-4.49, P<0.001).%°
On multivariate analysis, each decrease in LV GLS was associated with 1.11-fold increased

risk of the combined endpoint (95% Cl 1.1-1.23, P=0.032).

These results are extended in the current EchoCRT substudy focusing on patients
with narrow QRS complex: reduced LV GLS (partially reflecting fibrosis and/or scar formation
or severe LV dysfunction) was associated with worse outcome in patients treated with CRT.
Two other studies assessed the effect of CRT in patients with narrow QRS complex and scar
tissue, although these studies focused on patients with recent infarction.?! 22 The Prevention
of Myocardial Enlargement and Dilation Post Myocardial Infarction (MENDMI) study %! and
the Post-Myocardial Infarction Remodelling Prevention Therapy (PRomPT) trial 22 showed
that pacing close to the infarcted area did not prevent LV dilatation or reduced heart failure
hospitalization and/or all-cause mortality. The patients included in MENDMI and PROMPT
differ significantly from the patients in the EchoCRT trial, who presented with more
advanced LV remodelling and higher burden of LV myocardial scar/fibrosis. Nevertheless,
these different studies have in common the suggestion that the presence of LV myocardial
scar/fibrosis limits the efficacy of CRT. In the EchoCRT population, particularly the patients in
the lowest LV GLS quartile (with the largest extent of myocardial scar/fibrosis and lowest
contractile function) showed the worst prognosis when treated with CRT-ON, thus
suggesting that active LV pacing could have an adverse effect. The pathophysiologic

mechanism underlying this association warrants further evaluation.

Study limitations
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Although LV GLS was associated with worse outcome in the overall population of the
EchoCRT trial after adjusting for key covariates, the interaction term between randomized
therapy and LV GLS was not statistically significant probably due to the relatively low
number of patients with LV GLS<6.2% and events. However, the present substudy should be
considered as hypothesis generating exploring the effect of CRT in patients with significant

LV myocardial fibrosis/scar.

CONCLUSION

In heart failure patients with narrow QRS complex, the presence of impaired LV GLS
is associated with worse outcome independent of randomisation to CRT or not. Importantly,
in the group of patients in the lowest LV GLS quartile, CRT may have a detrimental effect on

clinical outcomes.

CONFLICT OF INTEREST

The EchoCRT trial was funded by Biotronik and GE Healthcare; EchoCRT ClinicalTrials.gov
number, NCT00683696. Jeroen J Bax disclosed that the department of Cardiology of the
Leiden University Medical Center received research grants from Biotronik, Boston Scientific,
Medtronic and Edwards Lifesciences. Victoria Delgado received speaker fees from Abbott
Vascular and disclosed that the department of Cardiology of the Leiden University Medical
Center received research grants from Biotronik, Boston Scientific, Medtronic and Edwards
Lifesciences. Peter Sogaard has received grants and personal fees from Biotronik, GE
Healthcare and St. Jude medical. Jagmeet P Singh reports personal fees from Biotronik,

Boston Scientific, Medtronic, LivaNova and Impulse Dynamics and grants and personal fees

14



from St. Jude Medical, outside the submitted work. William T Abraham reports grant support
and personal fees from Biotronik during the conduct of the study. Jeffrey S Borer reports
personal fees from Biotronik, during the conduct of the study; personal fees from Servier
Laboratoires, personal fees from Amgen, personal fees from Takeda USA, personal fees from
Pfizer, personal fees from Cardiorentis, personal fees from Novartis, personal fees from
ARMGO, personal fees from Celladon, outside the submitted work. Kenneth Dickstein has
nothing to disclose. Daniel Gras reports personal fees from Medtronic, St. Jude Medical,
Boston Scientific, and Biotronik. Josep Brugada has nothing to disclose. Michelle Robertson
reports grant from Biotronik during the conduct of the study. lan Ford reports grant support
from Biotronik during the conduct of the study. Henry Krum received personal fees from
Biotronik. Johannes Holzmeister has nothing to disclose. Frank Ruschitzka reports personal
fees from Biotronik; and personal fees from Servier, Cardiorentis, and St. Jude Medical. John
Gorcsan reports grants and personal fees from Biotronik, grants from GE, during the conduct

of the study; grants from Medtronic, grants from St. Jude, outside the submitted work.

15



References

(1)

(2)

(3)

Brignole M, Auricchio A, Baron-Esquivias G, Bordachar P, Boriani G, Breithardt OA,
Cleland J, Deharo JC, Delgado V, Elliott PM, Gorenek B, Israel CW, Leclercq C, Linde C,
Mont L, Padeletti L, Sutton R, Vardas PE, Zamorano JL, Achenbach S, Baumgartner H,
Bax JJ, Bueno H, Dean V, Deaton C, Erol C, Fagard R, Ferrari R, Hasdai D, Hoes AW,
Kirchhof P, Knuuti J, Kolh P, Lancellotti P, Linhart A, Nihoyannopoulos P, Piepoli MF,
Ponikowski P, Sirnes PA, Tamargo JL, Tendera M, Torbicki A, Wijns W, Windecker S,
Kirchhof P, Blomstrom-Lundgqvist C, Badano LP, Aliyev F, Bansch D, Baumgartner H,
Bsata W, Buser P, Charron P, Daubert JC, Dobreanu D, Faerestrand S, Hasdai D, Hoes
AW, Le Heuzey JY, Mavrakis H, McDonagh T, Merino JL, Nawar MM, Nielsen JC,
Pieske B, Poposka L, Ruschitzka F, Tendera M, Van Gelder IC, Wilson CM. 2013 ESC
Guidelines on cardiac pacing and cardiac resynchronization therapy: the Task Force
on cardiac pacing and resynchronization therapy of the European Society of
Cardiology (ESC). Developed in collaboration with the European Heart Rhythm

Association (EHRA). Eur Heart J 2013;34:2281-329.

Yancy CW, Jessup M, Bozkurt B, Butler J, Casey DE, Jr., Drazner MH, Fonarow GC,
Geraci SA, Horwich T, Januzzi JL, Johnson MR, Kasper EK, Levy WC, Masoudi FA,
McBride PE, McMurray JJ, Mitchell JE, Peterson PN, Riegel B, Sam F, Stevenson LW,
Tang WH, Tsai EJ, Wilkoff BL. 2013 ACCF/AHA guideline for the management of heart
failure: a report of the American College of Cardiology Foundation/American Heart

Association Task Force on practice guidelines. Circulation 2013;128:e240-e327.

Adelstein EC, Tanaka H, Soman P, Miske G, Haberman SC, Saba SF, Gorcsan J, Ill.
Impact of scar burden by single-photon emission computed tomography myocardial

16



(4)

(5)

(6)

(7)

(8)

perfusion imaging on patient outcomes following cardiac resynchronization therapy.

Eur Heart J 2011;32:93-103.

Leyva F, Foley PW, Chalil S, Ratib K, Smith RE, Prinzen F, Auricchio A. Cardiac
resynchronization therapy guided by late gadolinium-enhancement cardiovascular

magnetic resonance. J Cardiovasc Magn Reson 2011;13:29.

Leyva F, Taylor RJ, Foley PW, Umar F, Mulligan LJ, Patel K, Stegemann B, Haddad T,
Smith RE, Prasad SK. Left ventricular midwall fibrosis as a predictor of mortality and
morbidity after cardiac resynchronization therapy in patients with nonischemic

cardiomyopathy. J Am Coll Cardiol 2012;60:1659-67.

Ypenburg C, Roes SD, Bleeker GB, Kaandorp TA, de RA, Schalij MJ, van der Wall EE,
Bax JJ. Effect of total scar burden on contrast-enhanced magnetic resonance imaging

on response to cardiac resynchronization therapy. Am J Cardiol 2007;99:657-60.

Kim RJ, Wu E, Rafael A, Chen EL, Parker MA, Simonetti O, Klocke FJ, Bonow RO, Judd
RM. The use of contrast-enhanced magnetic resonance imaging to identify reversible

myocardial dysfunction. N Engl J Med 2000;343:1445-53.

Gjesdal O, Helle-Valle T, Hopp E, Lunde K, Vartdal T, Aakhus S, Smith HJ, lhlen H,
Edvardsen T. Noninvasive separation of large, medium, and small myocardial infarcts
in survivors of reperfused ST-elevation myocardial infarction: a comprehensive tissue
Doppler and speckle-tracking echocardiography study. Circ Cardiovasc Imaging

2008;1:189-96.

17



(9) NgAC, Auger D, Delgado V, van Elderen SG, Bertini M, Siebelink HM, van der Geest
RJ, Bonetti C, van der Velde ET, de Roos A, Smit JW, Leung DY, Bax JJ, Lamb HJ.
Association between diffuse myocardial fibrosis by cardiac magnetic resonance
contrast-enhanced T(1) mapping and subclinical myocardial dysfunction in diabetic

patients: a pilot study. Circ Cardiovasc Imaging 2012;5:51-9.

(10) Roes SD, Mollema SA, Lamb HJ, van der Wall EE, de Roos A, Bax JJ. Validation of
echocardiographic two-dimensional speckle tracking longitudinal strain imaging for
viability assessment in patients with chronic ischemic left ventricular dysfunction and
comparison with contrast-enhanced magnetic resonance imaging. Am J Cardiol

2009;104:312-7.

(11) Bertini M, Ng AC, Antoni ML, Nucifora G, Ewe SH, Auger D, Marsan NA, Schalij MJ,
Bax JJ, Delgado V. Global longitudinal strain predicts long-term survival in patients

with chronic ischemic cardiomyopathy. Circ Cardiovasc Imaging 2012;5:383-91.

(12) Sengelov M, Jorgensen PG, Jensen JS, Bruun NE, Olsen FJ, Fritz-Hansen T, Nochioka K,
Biering-Sorensen T. Global longitudinal strain is a superior predictor of all-cause
mortality in heart failure with reduced ejection fraction. JACC Cardiovasc Imaging

2015;8:1351-9.

(13) Ruschitzka F, Abraham WT, Singh JP, Bax JJ, Borer JS, Brugada J, Dickstein K, Ford |,
Gorcsan J, lll, Gras D, Krum H, Sogaard P, Holzmeister J. Cardiac-resynchronization
therapy in heart failure with a narrow QRS complex. N Engl J Med 2013;369:1395-

405.

18



(14) Gorcsan J, lll, Sogaard P, Bax JJ, Singh JP, Abraham WT, Borer JS, Dickstein K, Gras D,
Krum H, Brugada J, Robertson M, Ford |, Holzmeister J, Ruschitzka F. Association of
persistent or worsened echocardiographic dyssynchrony with unfavourable clinical
outcomes in heart failure patients with narrow QRS width: a subgroup analysis of the

EchoCRT trial. Eur Heart J 2016;37:49-59.

(15) Mewton N, Liu CY, Croisille P, Bluemke D, Lima JA. Assessment of myocardial fibrosis

with cardiovascular magnetic resonance. J Am Coll Cardiol 2011;57:891-903.

(16) Cameli M, Mondillo S, Righini FM, Lisi M, Dokollari A, Lindqgvist P, Maccherini M,
Henein M. Left ventricular deformation and myocardial fibrosis in patients with

advanced heart failure requiring transplantation. J Card Fail 2016 March 4 (in press

doi: 10.1016/j.cardfail.2016.02.012).

(17) Ponikowski P, Voors AA, Anker SD, Bueno H, Cleland JG, Coats AJ, Falk V, Gonzalez-
Juanatey JR, Harjola VP, Jankowska EA, Jessup M, Linde C, Nihoyannopoulos P,
Parissis JT, Pieske B, Riley JP, Rosano GM, Ruilope LM, Ruschitzka F, Rutten FH, van
der Meer P. 2016 ESC Guidelines for the diagnosis and treatment of acute and
chronic heart failure: The Task Force for the diagnosis and treatment of acute and
chronic heart failure of the European Society of Cardiology (ESC)Developed with the
special contribution of the Heart Failure Association (HFA) of the ESC. Eur Heart J

2016;37:2129-200.

(18) Kalam K, Otahal P, Marwick TH. Prognostic implications of global LV dysfunction: a
systematic review and meta-analysis of global longitudinal strain and ejection

fraction. Heart 2014;100:1673-80.

19



(19)

(20)

(21)

(22)

Knappe D, Pouleur AC, Shah AM, Cheng S, Uno H, Hall WJ, Bourgoun M, Foster E,
Zareba W, Goldenberg I, McNitt S, Pfeffer MA, Moss AJ, Solomon SD. Dyssynchrony,
contractile function, and response to cardiac resynchronization therapy. Circ Heart

Fail 2011;4:433-40.

Delgado-Montero A, Tayal B, Goda A, Ryo K, Marek JJ, Sugahara M, Qi Z, Althouse AD,
Saba S, Schwartzman D, Gorcsan J, Ill. Additive prognostic value of echocardiographic
global longitudinal and global circumferential strain to electrocardiographic criteria in
patients with heart failure undergoing cardiac resynchronization therapy. Circ

Cardiovasc Imaging 2016;9 (in press doi: 10.1161/CIRCIMAGING.115.004241).

Chung ES, Dan D, Solomon SD, Bank AJ, Pastore J, lyer A, Berger RD, Franklin JO,
Jones G, Machado C, Stolen CM. Effect of peri-infarct pacing early after myocardial
infarction: results of the prevention of myocardial enlargement and dilatation post

myocardial infarction study. Circ Heart Fail 2010;3:650-8.

Stone GW, Chung ES, Stancak B, Svendsen JH, Fischer TM, Kueffer F, Ryan T, Bax J,
Leon A. Peri-infarct zone pacing to prevent adverse left ventricular remodelling in

patients with large myocardial infarction. Eur Heart J 2016;37:484-93.

20



Table 1. Baseline characteristics of the study population.

N =755
Age (years) 58.5+12.5
Male sex —n (%) 547 (72.45)
Ischemic cardiomyopathy — n (%) 413 (54.77)
QRS duration (ms) 105.7+12.68

Walking distance (m)
Quality-of-life score
NYHA classification — n (%)
-1l
H-1v
Hypertension —n (%)
Diabetes mellitus — n (%)
Chronic kidney disease — n (%)
LVESV (ml)
LVEDV (ml)
LVEF (%)
Mitral regurgitation grade — n (%)
0-2
3-4
TDI dyssynchrony (ms)
Speckle tracking radial dyssynchrony (ms)

Global LV longitudinal strain (%)

325.5+121.29

50.7+24.35

23 (3.05)
732 (96.95)
496 (66.31)
300 (39.89)
103 (13.75)
138.8+49.82
188.0459.06

27.0£5.49

670 (89.69)
77 (10.31)
101.2+34.68
217.2+102.28

8.2+2.83
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Medication — n (%)

Beta-blocker 728 (96.42)
ACE inhibitor or ARB 719 (95.23)
Diuretic 650 (86.09)
Aldosterone antagonist 451 (59.74)

Abbreviations: ACE: angiotensin-converter enzyme; ARB: angiotensin receptor blocker; LV:
left ventricular; LVEDV: left ventricular end-diastolic volume; LVEF: left ventricular ejection
fraction; LVESV: left ventricular end-systolic volume; NYHA: New York Heart Association; TDI:
tissue Doppler imaging. For continuous variables the mean and standard deviation are

presented.
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Table 2. Uni- and multivariable Cox proportional hazard models for all-cause mortality or heart failure hospitalization.

Age (years)

Male gender

Ischemic cardiomyopathy

QRS duration (per 10 ms increase)

Chronic kidney disease

Diabetes mellitus

LVESV (per 10 mL increase)

Mitral regurgitation grade (3-4)

Speckle tracking echocardiography radial strain LV
dyssynchrony (per 10 ms increase)

Global LV longitudinal strain (per 1% decrease in

magnitude)

Univariable

HR (95% Cl)

P-value

Multivariable

HR (95%Cl)

P-value

0.99 (0.94-1.05)
0.90 (0.66-1.21)
1.12 (0.85-1.48)
1.09 (0.98-1.21)
1.68 (1.19-2.38)
1.77 (1.34-2.33)
1.03 (1.00-1.05)
2.04 (1.38-3.01)

1.00 (1.00-1.00)

1.14 (1.07-1.20)

0.780

0.478

0.427

0.100

0.003

<0.001

0.043

<0.001

0.434

<0.001

0.98 (0.91-1.04)
0.79 (0.56-1.12)
1.21 (0.87-1.68)
1.07 (0.94-1.21)
1.34(0.91-1.96)
1.59 (1.19-2.13)
1.00 (0.96-1.03)
1.98 (1.31-2.99)

1.00 (1.00-1.00)

1.11 (1.04-1.17)

0.485

0.187

0.251

0.325

0.136

0.002

0.822

0.001

0.780

<0.001
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Randomization group CRT-ON 1.26 (0.96-1.66) 0.098 1.19 (0.89-1.58) 0.238

Abbreviations: Cl: confidence interval; CRT: cardiac resynchronization therapy; HR: hazard ratio; LV: left ventricular; LVESV: left ventricular end-

systolic volume.
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Figure 1. Assessment of global left ventricular longitudinal strain with speckle tracking
echocardiography. Example of a patient with ischemic heart failure (inferior myocardial
infarction). From the apical 4-, 2- and long-axis (APLAX) views, the longitudinal strain curves
are displayed for 18 segments. The global longitudinal strain value is calculated as the
average of the peak systolic strain of the 18 segments. The bull’s-eye plot shows more

impaired longitudinal strain in the inferoposterior segments (blue color) concordant with

previous inferior myocardial infarction.
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Figure 2. Kaplan Meier estimates for cumulative event rates of the combined primary
endpoint (all-cause mortality or hospitalization for worsening heart failure) for patients
divided according to the extent global LV longitudinal strain <6.2% (more reduced strain)

versus 26.2% (less reduced strain) and the treatment group (CRT-ON versus CRT-OFF).

Primary endpoint (p<0.001)

S = GLS <6.2, CRT-OFF
L GLS <6.2, CRT-ON
& | GLS 26.2, CRT-OFF
0

GLS 26.2, CRT-ON

Percentage of patients with event

0 0.5 1 1.5 2 2.5 3 3.5

” . Years since randomisation
umbers at risk

GLS 26.2, CRT-OFF 287 226 179 131 94 53 33 10
GLS 26.2, CRT-ON 282 213 167 115 76 49 36 16
GLS <6.2, CRT-OFF 94 62 46 26 17 1 6 2
GLS <6.2, CRT-ON 92 58 37 24 14 7 3 2
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Figure 3. Kaplan Meier estimates for cumulative event rates of all-cause mortality for
patients divided according to the extent global LV longitudinal strain <6.2% (more reduced
strain) versus 26.2% (less reduced strain) and the treatment group (CRT-ON versus CRT-

OFF).

All Cause Mortality (p=0.007)

100

80

GLS <6.2, CRT-OFF
GLS <6.2, CRT-ON
- GLS 26.2, CRT-OFF

GLS 26.2, CRT-ON

Percentage of patients with event

0 0.5 10 15 2.0 25 3.0

Numbers at risk Years from Randomisation

GLS 26.2, CRT-OFF 287 246 199 151 108 63 45
GLS 26.2, CRT-ON 282 237 197 146 98 64 49
GLS <6.2, CRT-OFF 94 73 58 34 23 14 9
GLS <6.2, CRT-ON 92 7 51 35 20 10 4

27



